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ABSTRACT

Nitrate uptake kinetics in streams: Is carbon the driver?

BY
Bianca Rodríguez-Cardona
University of New Hampshire, May, 2015

The underlying mechanisms driving the coupled interaction of organic matter
quantity and uptake of inorganic nitrogen are not well understood, particularly in surface
waters. To determine the relationship between background dissolved organic carbon
(DOC) quantity and nitrate (NO3-) uptake kinetics in streams, a series of NO3- TASCC
additions were performed in four sites within the Lamprey River Watershed, New
Hampshire, with a wide range in background DOC concentrations (1 mg C/L – 8 mg
C/L). Experiments were performed between the 2013 and 2014 growing seasons.
Across all sites and experimental dates, ambient and dynamic uptake velocity (Vf)
correlated negatively with NO3- concentrations and positively with increasing DOC
concentrations and DOC:NO3- ratios. Ambient NO3- Vf was unrelated to pH, SUVA,
PAR, temperature, and dissolved oxygen. Although there are general tendencies across
the Lamprey River Watershed, individual sites behave differently in their uptake kinetics.
Variation in uptake kinetics consisted of saturation and efficiency loss models,
hysteresis, undetectable uptake, and increasing Vf with higher NO3- concentrations
(biostimulation model). NO3- uptake dynamics in the Lamprey River Watershed are most
influenced by DOC concentrations rather than NO3- concentrations or physico-chemical
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parameters. Understanding the fundamental relationship between organic matter and
inorganic nutrients will be important as global and climatic changes influence the
delivery and production of DOC and NO3- in aquatic ecosystems.

x

INTRODUCTION
Streams are conduits that transport and transform nutrients from the landscape
to receiving bodies of water (Cole et al. 2007). The terrestrial ecosystem influences
streams by regulating light availability, water temperature and hydrologic regimes
(Webster and Patten 1979) but the connection between a stream and its watershed also
provides the pathway for nutrient exchange and delivery (Likens and Bormann, 1974).
Soil and climate determine the vegetation on a landscape which in turn controls the
organic matter supplied to streams (Hynes 1975). The organic matter will interact with
the soil to control the release of ions necessary in aquatic food cycles like nitrogen (N)
and phosphorous (Hynes 1975). The greatest export of carbon (C) from landscapes to
the ocean occurs through drainage networks that transport inorganic forms of C from
weathering processes as well as organic forms of C from autochthonous and
allochthonous sources and processes in the stream (Cole et al. 2007).
The delivery of C to streams, in the form of organic matter, is an important
energy pathway for the microbial community as inputs of allochthonous organic matter
drive metabolism (Vannote et al. 1980, Cole et al. 2007). Forested head water streams
are predominantly heterotrophic and receive external subsidies of organic matter
(Fisher and Likens 1973, Vannote et al. 1980) in order to carry out metabolic processes.
In most freshwater systems, organic matter is mostly found in its dissolved form
(Sondergaard and Middleboe 1995) characterized by the dissolved organic carbon
(DOC) content. The bioavailability of DOC can exert strong controls and modify the
quantity and form of N exported from terrestrial watersheds (Bernhardt and Likens
2002).
1

Nitrogen is one of the major influences on primary productivity and heterotrophic
processes in aquatic ecosystems (Allan and Castillo 2007). Dissolved N pool is
composed of dissolved inorganic N (DIN) made up of nitrate (NO3-), ammonium (NH4+)
and nitrite (NO2-; Allan and Castillo 2007) as well as dissolved organic nitrogen (DON)
(Taylor and Townsend 2012, Brookshire et al. 2005, Johnson et al. 2009). Nitrate is
delivered to streams from N accumulation in forest soils (Lovett et al. 2000), via
atmospheric deposition, fertilizer use, septic systems (Thouin et al. 2009) and
groundwater and surface drainage (Wetzel 2001). Losses and transformations of N in
streams consist of downstream transport, biological processes (i.e. denitrification,
nitrification, and assimilation) and adsorption of N-containing compounds into sediments
(Wetzel 2001). Biosynthesis processes like assimilation of DIN are performed by
autotrophs and heterotrophs while energy-yielding processes like nitrification and
denitrification are carried out by bacteria that use NH4+ as an energy source and NO3as an oxidizing agent to transform N between different oxidation states (Allan and
Castillo 2007). Nitrification is an aerobic process by which bacteria convert NH4+ into
NO3- while denitrification transforms NO3- into gaseous forms of N (Figure 1).
Denitrification results in the permanent loss of NO3- from the water column while other
processes internally transform and or transport NO3- downstream (Mulholland et al.
2009).
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Figure 1. The major processes in the nitrogen cycle; solid lines represent the N transformations during
denitrification, dotted lines represent the N transformations during nitrification and dashed lines represent
the assimilatory pathways.

Streams not only transport nutrients to receiving bodies of water, they are also
important sites of nutrient transformations that can occur in very short distances
(Ashenkas et al. 2004). Nutrient cycling consists of spiraling of nutrients as they move
downstream and are converted between inorganic and organic forms (Newbold et al.
1981) (Figure 2). The term spiraling results from the continuous upstream supply of
materials that are received and utilized by organisms but then are subsequently
released and delivered downstream (Webster and Patten 1979) creating a longitudinal
cycle in uptake pathways. These pathways can be quantified by obtaining uptake
metrics such as uptake length, uptake velocity and areal rates of uptake. Uptake length
(Sw) is the mean distance a molecule travels before being taken up by the biota or
sorbed to particulate matter (Newbold et al. 1981). This metric is a measure of nutrient
use efficiency as it is the nutrient uptake relative to the supply (Mulholland et al. 2002).
Sw can be strongly influenced by discharge so biological uptake kinetics can be best
3

observed in the relationship between concentration and uptake velocity (Stream Solute
Workshop 1990). Uptake velocity (Vf) is the vertical velocity of molecules into the
benthos and it indicates nutrient uptake efficiency relative to nutrient availability (Stream
Solute Workshop 1990). Vf normalizes for physical effects like stream depth and velocity
(Peterson et al. 2001) making it the best parameter to compare between sites as well as
across dates in the same site (Bernhardt and McDowell 2008, Hoellein et al. 2007, Hall
et al. 2002). Areal uptake (U) represents gross nutrient uptake (Ensign and Doyle 2006)
as it is an area per time metric (Stream Solute Workshop 1990).

Figure 2. Nutrient spiraling in streams where W represents the water column and B represents
the benthos. The vertical arrows represent the vertical movement of particles from the water
column into the benthos and back into the water column; adapted from Newbold et al. 1981.
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CHAPTER 1
INTRODUCTION
Carbon (C) is one of the major influences in the nitrogen (N) cycle, since N
transformations are often dependent on C as an energy source (Taylor and Townsend
2010, Goodale et al. 2005, Dodds et al. 2004, Bernhardt and Likens 2002, Strauss and
Lamberti 2002). Minimal changes to dissolved organic carbon (DOC) concentrations
can in turn affect N retention in streams (Goodale et al. 2005). The availability of labile
DOC, in particular, can exert strong controls and modify the quantity and form of
nitrogen exported from terrestrial watersheds (Bernhardt and Likens 2002) as well as
support greater heterotrophic activity (Strauss and Lamberti 2002, Bernhardt et al.
2002, Strauss and Lamberti 2000). For example denitrification is controlled by labile C
and NO3- availability paired with anoxic zones, therefore the coupling of high NO 3- and
anoxic microsites can promote higher denitrification rates (Bernhardt et al. 2005, Taylor
and Townsend 2010). Carbon limitations can reduce heterotrophic nitrogen assimilation
and promote processes that accumulate NO3- (Taylor and Townsend 2010).
Studies have demonstrated inconsistent relationships between DOC and nitrate.
Additions of DOC to streams stimulated microbial activity and growth resulting in an
increased demand for nitrogen and a reduction in DIN concentrations like NO 3(Bernhardt and McDowell 2008, Bernhardt and Likens 2002). In contrast, under some
conditions, NO3- uptake can be unaffected by the addition of labile DOC (Richey et al.
1985) but also additions of DOC alone are not solely responsible for the increase in net
nitrate uptake, but magnify the biological processes driven by O 2 (Thouin et al. 2009).
Nonetheless nitrate can be removed from oxic surface waters with additions of
5

bioavailable DOC in hyporheic flows (Sobczak et al. 2003). Across different
ecosystems (soils, streams, estuaries, and oceans) affected by different land use
changes (pristine, urban, agriculture), NO3- concentrations decreased with increasing
DOC or particulate organic C concentrations suggesting that the underlying
mechanisms controlling this biogeochemical coupling is similar regardless of ecosystem
type or land use (Taylor and Townsend 2010). Although these studies have
demonstrated strong links in C and N cycles, the underlying mechanisms of C and N
dynamics and coupling are still not well understood especially in surface waters.
Relationships between nutrients and their transformations can be examined via
whole stream manipulations. The addition of nutrients allows for the quantification of
nutrient uptake kinetics which can be used to measure nutrient cycling and demand in
streams (Stream Solute Workshop 1990). Uptake kinetics, derived from nutrient
spiraling, are generally defined as the downstream movement of material that is
intercepted by organisms and re-suspended back into the water column creating a
spiral like pathway (Webster and Patten 1979, Stream Solute Workshop 1990). Many
studies have taken the whole stream nutrient addition approach to quantify NO 3- uptake
in streams (Hall et al. 2009, Mulholland et al. 2008, Stream Solute Workshop 1990).
The majority of studies have demonstrated that NO3- uptake plateaus as the system
approaches saturation (Ribot et al. 2013, Covino et al. 2010, Hall et al. 2009, O’Brien et
al. 2007, Earl et al. 2006, Mulholland et al. 2002, Dodds et al. 2002, Stream Solute
Workshop 1990) a pattern that holds across land-use and biomes (Hall et al. 2009,
Mulholland et al. 2008). The specific function of uptake kinetics defines how a stream
will respond to increases in a given nutrient (Wollheim et al. 2014). For example, uptake
6

can be directly proportional to concentration of the manipulated solute, (O’Brien et al.
2007, Ribot et al. 2006, Dodds et al. 2002), uptake can follow a Michaelis-Menten (MM)
saturation curve (Dodds et al. 2002, O’Brien et al. 2007, Ribot et al. 2006) or nutrient
uptake follows an efficiency loss model where the increase of uptake relative to the
increase in concentration declines (O’Brien et al. 2007).
Nutrient dynamics in streams are influenced by abiotic factors (i.e. light,
dissolved oxygen (DO), temperature, pH, discharge) that vary spatially and temporally
(Simon et al. 2005, Martí and Sabater 1996). Light, DO and gross primary production
(GPP) have been related to NO3- uptake, where uptake increases with increasing light
availability and GPP (Hall et al. 2009, Mulholland et al. 2006, Fellows et al. 2006, Hall
and Tank 2003) suggesting that the same parameters that control stream metabolism
influence NO3- uptake. Others have found seasonal patterns in NO 3- uptake where the
greatest uptake was observed during the spring and summer in agricultural streams
(Simon et al. 2005, Royer et al. 2004). In other sites, however, DIN uptake declined in
summer after leaf emergence (Mulholland et al. 2000).
The Tracer Additions for Spiraling Curve Characterization (TASCC) (Covino et al.
2010) method allows for the calculation of a series of uptake metrics to quantify uptake.
These metrics consist of an uptake length (Sw) which is the distance a molecule travels
before being taken up by the biota (Newbold 1981), areal uptake (U), a gross uptake
metric and uptake velocity (Vf), the vertical movement of molecules into the benthos
(Ensign and Doyle 2007). These metrics can be used to describe dynamic uptake (a
stream’s response across the full range of concentrations encountered during the
nutrient addition) or ambient uptake (uptake of background nutrients without the
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influences of added nutrients) (Covino et al. 2010). TASCC provides an easy and cost
effective method to characterize nutrient uptake kinetics, an increased number of data
points which makes for a more robust extrapolation to derive ambient uptake and the
assessment of a stream’s saturation state (Covino et al. 2010). Here we use TASCC to
manipulate nitrate concentrations across a series of headwater streams and focus on
ambient and dynamic uptake velocity to characterize nitrate uptake dynamics across a
wide range of DOC concentrations. We use uptake velocity primarily because this
metric is normalized for discharge and changes in concentrations and is considered the
best metrics for comparisons across sites and dates (Fellowes et al. 2006, Bernhardt et
al. 2002, Hall et al. 2002, Peterson et al. 2001). Uptake dynamics can help to further
understand a streams response to sudden increases in a specific nutrient but also how
nutrients, like DOC and NO3-, interact with each other in sudden nutrient pulses.
Goals, Objectives and Hypotheses
The aim of this project was to understand the coupling between DOC and NO3- in
the Lamprey River Watershed and relate NO3- uptake kinetics to background NO3-,
DOC concentrations and DOC:NO3- ratios. We used NO3- TASCC additions to quantify
NO3- uptake kinetics across four different headwater streams and assess their spatial
and temporal variability. We also wanted to determine if NO3- uptake rates were related
to stream physico-chemical parameters (i.e. DO, temperature, light, pH). The Lamprey
River Watershed is becoming more suburbanized and is at risk for greater inputs from
anthropogenic activity that could endanger its water quality. The Lamprey River drains
into Great Bay which has been classified as nitrogen impaired (NH DES 2009) due to
chronic NO3- inputs resulting in a loss of eelgrass and low DO in the tidal rivers. A better
8

understating of the drivers of NO3- uptake and its processing in streams could aid in
reducing the transport of NO3- downstream as well as prevent the further degradation of
receiving bodies of water.
Objective 1:

Characterize NO3- uptake kinetics across a wide range of stream DOC
concentrations.

Hypothesis 1A: Streams with higher DOC concentrations will promote the greatest
NO3- removal from the water column because of greater heterotrophic
activity.
Hypothesis 1B: NO3- uptake velocity will decrease as a function of NO3concentrations, where the lowest uptake will occur at high NO 3- and
low DOC concentrations due to the system reaching conditions of
saturation.
Objective 2:

Relate ambient NO3- uptake kinetics to physico-chemical parameters.

Hypothesis 2:

Ambient NO3- uptake kinetics will be most related to the abiotic
parameters that control stream metabolism (i.e. light, temperature,
DO).

Objective 3:

Determine if NO3- uptake kinetics present spatial and temporal
patterns.

Hypothesis 3A: NO3- uptake kinetics will differ spatially due to each site’s background
DOC concentrations, where high DOC streams will present constant
uptake or lack of saturation kinetics.
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Hypothesis 3C: NO3- uptake kinetics will demonstrate temporal patterns where the
greatest uptake will be seen in spring when the streams receive the
greatest amounts of light and summer when water temperatures are
warmer.

10

CHAPTER 2
METHODS
Study Site
The Lamprey River Watershed (479 km2) is located in southeastern New
Hampshire. The Lamprey River begins headwaters are located in Northwood, NH and
travels 81 km of mostly forested land (68% of the watershed is forested) until reaching
the Great Bay Estuary. Four sites were chosen within the Lamprey River Watershed;
Wednesday Hill Brook (WHB) and Dowst-Cate Forest (DCF) for the field season of
2013 and Rum Brook (RMB) and Saddleback Mountain (SBM) were added in the
summer of 2014 (Figure 3). Between 96.5% and 100% of the homes in these subwatersheds are connected to septic tank systems (NH DES 2014) and 0% (SBM) to
12.3% (WHB) of the land is developed (NOAA 2006 Land Cover).
WHB (43.122 N, 71.0040W) is a first order stream located in Lee, NH with an
average NO3- concentration of 804 μg N/L and average DOC concentration of 4.42 mg
C/L during our study. The experimental stream reach has a silty stream bottom as well
as various fallen branches and logs creating debris dams. DCF (43.134 N, 71.183W) is
a second order stream located in Deerfield, NH draining a wetland in the Dowst-Cate
Town Forest. The average NO3- concentration is 55 μg N/L and the average DOC
concentration was 7.44 mg C/L during our study. The stream bottom at DCF is mostly
cobble with various large rocks and a riffle pool sequence. RMB (43.053 N, 71.034W) is
a second order stream in Epping, NH with average NO3- concentration of 63 μg N/L and
average DOC concentration of 7.48 mg C/L during our study. The experimental stream
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reach is mostly composed of short riffles and log runs with the stream bottom mostly
made up of coble and larger rocks. SBM (43.184 N, 71.215 W) is a first order stream
located in Northwood, NH. This steep mountainous stream follows a riffle pool
sequence with large rocks and a mossy stream bottom. The stream has an average
NO3- concentration of 2 μg N/L and average DOC concentration of 1.19 mg C/L during
our study. For further details on site descriptions and physico-chemical parameters see
Table 1 and Appendix A.
TASCC Additions
A series of short term stream enrichments were performed at all sites between
April and November of 2013 and June through September of 2014 (Table 1) following
the methods for Tracer Additions for Spiraling Curve Characterization (TASCC) (Covino
et al. 2010). Enrichments consisted of NO3- as sodium nitrate (NaNO3) along with NaCl
as a conservative tracer mixed in stream water. Details on the amounts of solute added
can be found in appendix G.
Experimental reaches ranged between 50-100m in length and were selected so
that inputs from overland flows and tributaries were excluded from our study reaches.
Addition solutions were released at the top of the experimental reach near a riffle to
facilitate mixing. At the end of the experimental reach a handheld YSI 556 MPS Multiparameter system (YSI, Yellow Springs OH) was placed to monitor conductivity as the
pulse of the solution moved through the collection site. This was also the site of grab
sample collection along the break through curve (BTC) until the stream returned to
background conditions. Background samples were collected in triplicates before every
experiment.
12

Discharge
Discharge measurements were taken the day before an experiment, to calculate
the required amount of solute for each addition and after every experiment using a
FlowTracker Handheld ADV (SonTek, San Diego, CA) which automatically calculates
discharge using depth and velocity. When low flow conditions prevented the use of the
FlowTracker, we used dilution gaging (Kilpatrick and Cobb 1985) to calculate discharge.
Sodium Chloride (NaCl) was dissolved in stream water and added as an instantaneous
slug addition. Conductance was logged at 5 second intervals throughout the additions
with a HOBO conductivity data logger (Onset, Bourne, MA) or YSI EXO 2 multiparameter sonde (YSI, Yellow Springs, OH).
Water Chemistry
All analyses were performed at the Water Quality Analysis Laboratory at the
University of New Hampshire. Samples were filtered in the field through pre-combusted
Whatman GF/F glass fiber filter within 24 hours of collection. Samples were collected in
acid washed bottles, transported to the lab on ice and frozen until analysis. Samples
were analyzed for DOC and TDN using high temperature catalytic oxidation in a
Shimadzu TOC-V CPH/TNM. NH4+ and PO43- analyses were done using a SmartChem
200 discreet automated colorimetric analyzer using the alkaline phenate (NH4+) and
molybdate blue (PO43-) standard methods. Ions (Cl-, Na+, NO3-, Mg2+, Ca2+, SO42-) were
analyzed with ion chromatography using an Anion/Cations Dionex ICS-1000 with AS40
autosampler.
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In-Situ Physico-Chemical and Nutrient Data
WHB, DCF and SBM are equipped with a permanent sensor suite made up of a
YSI EXO2 multi-parameter sonde (YSI, Yellow Springs, OH) which measures pH, DO,
temperature, fluorescent dissolved organic matter (fDOM) and specific conductance; a
Specific Ultraviolet Nitrate Analyzer (SUNA) (Satlantic, Halifax, Nova Scotia) which
takes in-situ NO3- measurements; and a PAR logger (Odyssey, Christchurch, New
Zealand) that takes measurements of photosynthetically active radiation. These sensors
take measurements at 15 min intervals and are relayed to the University of New
Hampshire via cell phone telemetry. RMB is not equipped with a permanent sensor
suite therefore sensor data are only available for the dates when we deployed a
temporary instrument during the experiment.
Calculations
Calculations for dynamic and ambient uptake parameters followed the TASCC method
as developed by Covino et al. 2010.
Dynamic uptake metrics - For all TASCC additions an uptake length (Sw Add-dyn) was
determined for each grab sample along the BTC using equation 1:
−1

Sw Add-dyn = 𝑘

𝑤

(equation 1)

Where kw is the longitudinal uptake rate (m) determine by the rate of change of the
natural log of the N:Cl ratio overt the stream distance for each grab sample along the
BTC. The areal uptake rate for the added nutrient (UAdd-dyn) (mg m-2 s-1) was determined
with equation 2:

14

UAdd-dyn =

𝑄 𝑥 [𝑁𝑂3− 𝑁𝐴𝑑𝑑−𝑑𝑦𝑛]
𝑆𝑤 𝐴𝑑𝑑−𝑑𝑦𝑛 𝑥 𝑊

(equation 2)

Where Q is stream discharge (L/s), [NO3—NAdd-dyn] (equation 4) is the geometric mean
concentration of NO3- of the individual grab sample (mg N/L), and W is the wetted
stream width in the experimental reach (m). Uptake velocity (m/s) was calculated with
equation 3.
𝑈𝐴𝑑𝑑−𝑑𝑦𝑛

Vf-Add-dyn = [𝑁𝑂− 𝑁
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𝐴𝑑𝑑−𝑑𝑦𝑛 ]

(equation 3)

[𝑁𝑂3−𝑁𝐴𝑑𝑑−𝑑𝑦𝑛 ] = √[𝑁𝑂3−𝑁𝐴𝑑𝑑−𝑜𝑏𝑠 ] × [𝑁𝑂3− 𝑁𝐶𝑜𝑛𝑠 ] (equation 4)
Where [NO3-NAdd-obs] is the background corrected NO3- concentrations and [NO3-NCons] is
the background corrected NO3- concentration expected if the added NO3- traveled
conservatively (no uptake).
Ambient Uptake Metrics - Ambient uptake length (Sw-Amb) was determined by back
extrapolating to 0 the linear regression between Sw Add-dyn and the geometric mean of
the NO3-, essentially the y-intercept of that relationship (Payn et al. 2005). Ambient U
(UAmb) was determined by equation 5:
UAmb =

𝑄 ∗ [𝑁𝑂3− −𝑁𝐴𝑚𝑏 ]
(𝑆𝑤−𝐴𝑚𝑏 ) ∗ 𝑊

(equation 5)

where Q is discharge (L/s), [NO3—N Amb] is the ambient NO3- concentration without the
effect of the added solution, Sw-Amb is the ambient uptake length (m), and W is the
wetted stream width (m). Ambient Vf (Vf-Amb) was determined using equation 6:
𝑈

𝐴𝑚𝑏
Vf-Amb = [𝑁𝑂− −𝑁
3

𝐴𝑚𝑏 ]
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(equation 6)

where UAmb is the ambient U determined from equation 5.
Total Dynamic uptake metrics – Spiraling measurements encompass the added nutrient
(Add-dyn) and the ambient (Amb) conditions in the stream. For this reason it is critical to
use total spiraling values in order to correctly characterize kinetic models (Covino et al.
2010). The total areal uptake Utot-dyn (mg m-2 s-1) is determined by equation 7:
UTot-dyn = UAmb + UAdd-dyn (equation 7)
Where UAmb is the ambient areal uptake (equation 4) and UAdd-dyn (equation 2) is the
dynamic areal uptake calculated for each grab sample along the BTC. Total uptake
velocity (Vf Tot-dyn) (m/s) is determined by equation 8:
𝑈 𝑇𝑜𝑡−𝑑𝑦𝑛

Vf Tot-dyn= [𝑁𝑂− 𝑁
3

𝑇𝑜𝑡−𝑑𝑦𝑛 ]

(equation 8)

Where UTot-dyn is the total areal uptake (equation 7) and [NO3—N tot-dyn] is the geometric
mean of the total observed and conservative NO 3- concentrations (mg/L) (equation 9):
NO3-N Tot-dyn = √[𝑁𝑂3−𝑁𝑇𝑜𝑡−𝑜𝑏𝑠 ] + ([𝑁𝑂3− 𝑁𝐶𝑜𝑛𝑠 ]𝑥[𝑁𝑂3−𝑁𝐴𝑚𝑏 ]) (equation 9)
Where NO3--N Tot-obs is the total NO3- observed in the grab sample (i.e. not background
corrected) and NO3--N Amb is the background NO3- before any stream manipulation.
From here on, when we refer to dynamic uptake velocity, we are actually referring to the
total dynamic uptake velocity.
Specific Ultra-Violet Absorbance (SUVA) - SUVA (L mg-C-1 m-1) was determined
(equation 9) for the background samples of all the additions following the methods
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presented by Weishaar et al. (2003). Absorbence was measured using a Genesis 10
UV spectrophotometer at 254 nm.
SUVA254 =

𝑈𝑉 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒
[𝐷𝑂𝐶]

(equation 9)

Where UV absorbance is the absorbance of the sample at 254 nm and [DOC] is the
DOC concentration of the sample. SUVA values <2.0 L mg-C-1 m-1 indicate low
aromaticity (Weishaar et al. 2003). Aromatic groups absorb more UV radiation than the
aliphatic groups, presenting a higher SUVA values (Mladenov et al. 2005) making
SUVA254 a substitute measurement for DOC aromaticity, since it encompasses all the
molecules that make up the DOC in a water sample (Traina et al. 1989).
Statistics
Linear regressions were used to determine the variation in uptake metrics as a
function of total dynamic NO3-, DOC concentrations, DOC:NO3- ratios as well as
physico-chemical parameters and ambient background nutrient concentrations. Total
dynamic uptake velocities, ambient uptake velocities, DOC:NO3- ratios, DOC and NO3concentrations were log transformed to normalize data across dates and sites.
Statistical differences between ambient uptake velocities across dates were determined
by ANOVA and Tukey Kramer post-hoc test. Significance was determined by p<0.05
and all statistical analyses were performed in JMP Pro 11 (SAS Institute 2013).
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CHAPTER 3
RESULTS
Ambient Uptake Kinetics, Nutrients and Physico-Chemical Parameters
Ambient uptake velocities for nitrate across the Lamprey River Watershed
correlated weakly and negatively with background NO3- concentrations (r2=0.24
p=0.0736) (Figure 4A). Ambient Vf also increased with DOC concentrations (r2=0.52
p=0.0038) (Figure 4B) and DOC:NO3- ratios (r2=0.43 p=0.0107) (Figure 4C). In all
relationships, high DOC sites showed the greatest ambient uptake velocities while lower
DOC sites exhibited the least uptake. Values for all ambient uptake metrics from
individual experiments can be found in Appendix B.
Ambient uptake velocity was unrelated to pH (r2=0.12 p=0.2552) (Figure 5A),
PAR (r2=0.01 p=0.6997) (Figure 5B), DO (r2=0.03 p=0.5931) (Figure 5C), temperature
(r2=0.14 p=0.2008) (Figure 5D) and SUVA (r2=0.03 p=0.5266) (Figure 5E). For all these
cases, the distinction between sites is very clear where high DOC sites drive the
relationships and are most efficient at removing NO 3- from the water column.
Dynamic NO3- Uptake and Nutrients
Similar to the ambient uptake velocity trends, dynamic uptake velocities for
nitrate correlated negatively with total NO3- concentrations (r2=0.15, p<0.0001) (Figure
6A). Dynamic uptake velocity correlated positively with DOC concentrations (r2=0.23,
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p<0.0001) (Figure 6B), where sites with the greatest DOC concentrations like DCF and
RMB presented the greatest NO3- uptake velocities or greatest uptake efficiency. At low
DOC concentrations, SBM exhibited the lowest uptake velocities and WHB is
intermediate, showing the greatest variability in DOC concentrations across all the
experiments. Vf across sites also increased with increasing DOC:NO3- ratios (r2=0.31,
p<0.0001) (Figure 6C).
Spatial Dynamic NO3- Uptake Kinetics
The general tendencies of uptake kinetics in the Lamprey River Watershed
dissipate when looking at individual sites and experiments. Experiments at WHB
presented trends different to what we expected. During the additions in April and
September 2013, dynamic Vf decreased exponentially (r2= 0.89, p<0.0001) (Figure 7A)
and linearly (r2= 0.52, p=0.1049) (Figure 7D) with total NO3- concentrations. On the
other hand the addition performed August 2013 (r2= 0.88, p<0.0001Figure 7C)
presented an opposite strong trend where dynamic uptake velocities increased linearly
with total NO3- concentrations. The experiment from June 2013 (Figure 7B) resulted in
negative uptake values that became more negative with increasing NO 3- concentrations.
After repeating experiments in the summer of 2014, the same trends were found for
June and August. The June 2014 addition increased linearly (r 2= 0.88, p=0.0001Figure
7E) where dynamic uptake velocities increased linearly with total nitrate concentrations
and the August 2014 addition weakly increased (r2= 0.23, p=0.0191 Figure 7F).
Conversely the addition performed again in September 2014, presented an opposite
pattern as in 2013 where Vf presented a strong positive linear correlation (r2= 0.99,
p<0.0001 Figure 7G) with total nitrate concentrations.
19

As we predicted almost all the additions performed at DCF in 2013 presented the
same model where dynamic uptake velocity decreased with total NO 3- concentrations.
The experiment in May 2013 (r2=0.003 p=0.8181) (Figure 8A) did not show any
significant trends while the experiments in, July (r2= 0.10 p=0.2145) (Figure 8B) and
October (r2= 0.92 p<0.0001) (Figure 8D) presented negative relationships although the
latter is not a significant relationships. The experiment performed in August 2013
(Figure 8C) yielded negative uptake values with no clear trend. Repeating the
experiments in 2014 yielded different trends. In July, all dynamic Vf values were
negative and became more negative with increasing total nitrate concentrations (Figure
8E). The August experiment presented the same trend as in 2013 with decreasing V f as
total nitrate increases (r2= 0.66 p<0.0001 Figure 8F) while the addition in September
presented a different trend that has not been seen at DCF before. During this
experiment dynamic Vf increased linearly with total nitrate concentrations (r2= 0.64
p=0.0010 Figure 8G) as seen at WHB for numerous experiments.
Uptake kinetics varied between all three experiments at RMB. The experiments
in July and August presented negative correlations; one weak (r2=0.17, p=0.0986)
(Figure 9A) and the other a strong relationship (r2=0.96 p<0.0001 Figure 9B). On the
other hand the addition in September yielded an opposite pattern where V f increased in
a strong positive linear correlation with total NO3- concentrations (r2=0.94 p=0.0001
Figure 9C) as previously stated for WHB.
Only one experiment was executed at SBM because the stream dried as the
summer progressed. In this experiment, performed in July 2014, dynamic Vf decreased
with nitrate concentrations (r2= 0.52 p=0.0001 Figure 10) but in a counter clockwise
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hysteresis where the greatest uptake occurred during the falling limb. During this
experiment all three uptake metrics that are determined for TASCC additions exhibited
hysteresis loops (Appendix F). All uptake metrics for each experiment performed at
every site can be found in appendices C-F.
Seasonality in NO3- Ambient Uptake Kinetics
Despite the trends in uptake kinetics across the sites (with the exception of
SBM), ambient Vf showed some degree of seasonality across the dates. Although we
were limited to 1 or 2 years of data, these trend are based on a preliminary assessment
of seasonal trends. WHB ambient Vf decreased an order of magnitude from April –
August from 1,908 mm/min to 167 mm/min and increased in September to 572 mm/min
for 2013, but for 2014 ambient Vf increased from June to September from 23.6 mm/min
to 478 mm/min (Figure 11A). Ambient Vf values between August and were not
statistically different (ANOVA p=0.3809); April and June were excluded from the
analysis because there was just one value for each month.
At DCF ambient Vf in May 2013 was of 7,189 mm/min and then increased to
9,622 mm/min in July. Values dropped an order of magnitude in October to 830 mm/min
(Figure 11B). In 2014, a similar pattern occurred but with a lag of a month. Ambient V f in
August was 23,793 mm/min and dropped to 7,429 mm/min in September (Figure 11B).
Ambient Vf values for July are not shown because there was no detectable uptake.
Statistical differences could not be tested because there were no replicates in which
dates overlapped.

21

Ambient Vf in RMB 2014 showed a similar pattern to DCF ambient Vf in 2014
although the range and magnitude of values is less. Ambient V f started in 5,851 mm/min
in August and dropped to 417 mm/min in September (Figure 11C). Ambient Vf values
for July are not shown because there was no detectable uptake.
Additions were not performed in equal replicates across sites, but for the months
of August and September, at least one addition was performed at each site for 2013
and 2014. Comparing these ambient Vf across the watershed, the values are not
statistically different (ANOVA p=0.3935). August presented the greatest range in Vf
values, so this implies that for other dates, not tested in the ANOVA, V f values are not
statistically different.
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CHAPTER 4
DISCUSSION
NO3- Uptake Kinetics and Nutrients
Across the Lamprey River Watershed, the uptake of NO3- was tightly linked to
C:N ratios as well as DOC and NO3- concentrations. Although we did not alter DOC
concentrations in our experiments, we found similar results to studies that have
manipulated C (Johnson et al. 2009, Thouin et al. 2009, Bernhardt and McDowell 2008,
Sobczac et al. 2003, Bernhardt and Likens 2002). Collectively, these results
demonstrate the strong influence of DOC on DIN removal in aquatic ecosystems.
Specifically, streams with greater DOC concentrations are more efficient at removing
NO3- from the water column.
The weak negative correlation between NO3- uptake velocity (both ambient and
dynamic) and NO3- concentrations follows established trends; NO3- uptake velocity
reaches saturation decreasing the ability of the microbial community to take up more
NO3- (Ribot et al. 2013, Covino et al. 2010, O’Brien et al. 2007, Earl et al. 2006,
Mulholland et al. 2002, Dodds et al. 2002, Stream Solute Workshop 1990). The
negative correlation observed in this study between ambient Vf and NO3- concentrations
is also consistent with patterns observed across biomes and land-uses (Hall et al. 2009,
Mulholland et al. 2008). Although these studies encompass streams from various
biomes across the US and Puerto Rico, our study streams were individual tributaries
that drained largely forested watersheds with relatively low light levels in a single
drainage basin. Our results demonstrate that NO3- concentration is an important factor
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that controls NO3- uptake across streams that are otherwise similar in many respects.
Lower efficiency of NO3- removal from the water column was seen under higher NO3conditions. This is similar to Ribot et al. (2013) where high N sites promoted lower
uptake efficiency of NO3-. High DIN concentrations could promote saturation of
assimilative processes (O’Brien et al. 2007) thus reducing the ability to take up NO3-.
Variations in DOC concentration as well as DOC:NO3- ratios had the strongest
controls on NO3- Vf. The high DOC nature of our sites provide the microbial community
with a large energy pool, that supports heterotrophic activity (Bernhardt et al. 2002,
Strauss and Lamberti 2002) while the NO3- additions could have relived a N-limitation
thus increasing uptake efficiency (King et al. 2014). Similar to Bernhardt and McDowell
(2008), low DIN coupled with higher DOC presents the favorable environment for rapid
NO3- removal as seen in streams in the White Mountains of NH. N can also be
sequestered into microbial biomass under high C:N conditions (Strauss and Lamberti
2002, Schlesinger 1997). For example, Dodds et al. (2004) also saw greater N retention
and N-uptake in high C:N aquatic compartments (i.e. woody debris, leaf litter, detritus).
Our increase in NO3- uptake efficiency with increasing DOC:NO3- ratios, suggests that
there is a transition in heterotrophic processes from N-limited sites to C-limited sites and
the greatest N uptake occurs in N-limited sites.
Our uptake velocity values ranged between 23 and 23,793mm/min and agree or
surpass values presented in other studies reporting Vf values ranging between 0.0001
to 600 mm/min (Ensign and Doyle 2006, Fellows et al. 2006, Mulholland et al. 2006,
O’Brien et. al 2007, Valett et al. 2008, Klocker et al. 2009, Mulholland et al. 2009, Hall et
al. 2009, Covino et al. 2010, Claessens et al. 2010, Covino et al. 2012, Arce et al. 2014,
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Wollheim et al. 2014, and Gibson et al. 2015). Although many of these studies have
looked at N uptake, they do not report DOC concentrations with the exception of the
LINX II studies (Mulholland et al. 2009, Hall et al. 2009) where DOC concentrations
ranged between 0.3 and 10 mg/L and encompassed streams in a variety of biomes and
land use types. Our DOC concentrations are similar to LINX II, ranging between 1 and 8
mg/L, demonstrating that our sites are on the higher end of DOC which could lead to the
large uptake velocity values we found.
NO3- Uptake Kinetics and Physico-Chemical Parameters
Ambient Vf was unrelated to physico-chemical parameters. Increases in N-uptake
with increasing temperatures have been documented (Valett et al. 2008, Simon et al.
2005, Richardson 1985), but temperature does not seem to be a strong driver of
variability in NO3- uptake among streams in the Lamprey River Watershed. Similarly,
Hoellein et al. (2007) found that nutrient uptake was unrelated to temperature despite
performing nutrient additions year round with a range in temperature from 0°C to 18°C.
Our lack of correlation between N uptake and temperature could be due to little variation
in temperature during our experiments (11°C to 21°C) than what was seen in other
studies (2°C to 18°C) (Valett et al. 2008, Simon et al. 2005) in which nutrient additions
were performed year-round.
Our findings are opposite to those who have found relationships between NO3uptake and light and GPP (Hall et al. 2009, Mulholland et al. 2006, Fellows et al. 2006,
Hall and Tank 2003). Although our PAR data was incomplete (PAR data were
unavailable at RMB), the lack of relationship between NO3- uptake and light is not
surprising, since the canopy is closed for most of the growing season. Forested
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headwater streams such as our study sites, are considered strongly heterotrophic
(Hoellein et al. 2007, Hall and Judy 1998, Vannote et al. 1980, Fisher and Likens 1973),
and therefore it is unlikely that NO3- uptake would correlate with the parameters
controlling autotrophic processes.
The lack of correlation between ambient DOC quality (SUVA) and uptake
suggests that NO3- uptake in the Lamprey River Watershed is best predicted by DOC
concentrations rather than quality. Although we did not see a correlation between SUVA
and uptake, our variation in SUVA values (2.2 – 7.7 L∙mg-C-1∙m-1) was as wide or wider
as that seen in other studies in other ecosystems and biomes with values typically
ranging from 1.2 – 5.1 L∙mg-C-1∙m-1 (Burrows et al. 2013, Balcarczyk et al. 2009,
Fellman et al. 2009, Warrner et al. 2009, Neff et al. 2006, Brookshire et al. 2005,
Weishaar et al. 2003). Although we see a wide variety in SUVA, our values suggest that
the organic matter in the Lamprey River is generally highly aromatic, which may result in
aromaticity being a poor surrogate for bioavailability. Our high SUVA values agree with
the findings of Parham (2012) where DOC of the main stem Lamprey River was highly
recalcitrant. The high aromatic nature of the OM in the Lamprey River Watershed could
require larger quantities of DOC to satisfy N uptake and other regulating processes.
Although other studies have demonstrated strong effects of DOC quality on N-cycling
processes, they typically have added highly labile compounds or measured lability
directly. For example, labile DOC has strong negative effects on nitrification in stream
sediments (Strauss and Lamberti 2000 and 2002). Brookshire et al. (2005) also found a
tight link between labile DOM and NO3- where additions of NO3- during a glutamic acid
demonstrated that DOC uptake is linked to DIN availability.
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Spatial Dynamic NO3- Uptake Kinetics
Our data conformed to several models of uptake kinetics, with kinetics varying
widely among different experiments. Most experiments across sites and dates exhibited
saturation kinetics or efficiency loss, where uptake velocity decreases with increasing
NO3- concentrations, as seen in many earlier studies (Ribot et al. 2013, Covino et al.
2010, Hall et al. 2009, O’Brien et al. 2007, Earl et al. 2006, Mulholland et al. 2002,
Dodds et al. 2002, Stream Solute Workshop 1990). In some experiments, however, we
observed an unusual increase in uptake velocity at higher NO3 concentrations as
reported by Covino et al. (2012). There is no clearly established mechanism to explain
this increase in uptake efficiency at high concentrations, but Covino et al. (2012) found
that a stream with chronic N inputs exhibited a decrease in uptake length with higher
added N concentrations. They attributed the decreasing uptake lengths to a fertilization
effect, where the increased loading of N has increased the retention capacity and
caused changes in the biological community structure (i.e. increased biomass,
metabolic activity) thus resulting in an increase in uptake at high concentrations (Covino
et al. 2012). Similar to Covino et al. (2012), we observed that the stream with the
highest ambient concentrations of NO3- (WHB) was the site that consistently showed
this enrichment effect, although it was also observed periodically in DCF and RMB
(Figure 8G and 9C). This biostimulation trend has received very little attention in the
literature despite the large amount of research that has been done on N kinetics in
streams. DCF and RMB also exhibited biostimulation trends on some dates (Figure 8G
and 9C), suggesting that some sort of biostimulation in the microbial community can
occur even in sites with relatively low ambient NO3- concentrations. In such sites with
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low NO3- and low overall nutrient availability, the addition of a large amount of NO3- such
as during a TASCC addition, can have strong effects on stream metabolism and rates of
nutrient uptake, transformation and release (Fellows et al. 2006, Schlesinger 1997).
Undetectable uptake was determined for several experiments where we saw
constant N:Cl ratios (both tracers traveled conservatively) or negative uptake values.
Arce et al. (2014) also found a lack of NO3- retention along with constant N:Cl in their
NO3- TASCC additions. Negative uptake values occur when the natural log of the N:Cl
ratio of the samples is greater than the natural log of the N:Cl of the injectate (addition
solution) (example in Appendix H). This becomes apparent when enough solute is not
added to increase background concentrations sufficiently to in order to detect uptake.
Undetectable uptake can also be of consequence of very high discharge that leads to
uptake metrics tending towards infinity (Hall and Tank 2013) or underestimating
background nutrient concentrations.
Hysteresis in uptake kinetics reflects the dominance of in-channel hydrologic
transport of the solute during the rising limb and the importance of transient storage
sites during the falling limb (Gibson et al. 2015). The counter clockwise hysteresis
demonstrates that the greatest uptake occurs in the falling limb where the added solute
has had a longer residence time in transient storage zones. In steep mountainous
streams like SBM, transient storage zones like small pools dominate the experimental
reach. In our data (SBM), the U falling limb follows a MM model demonstrating
saturation in NO3- uptake indicating this streams sensitivity to increases in NO3concentrations. The presence of hysteresis during TASCC additions has received very
little attention in the literature (but see Gibson et al. 2015), but shows considerable
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promise in elucidating differences in hydrologic characteristics among streams, and
their biotic implications.
Seasonality in Ambient NO3- Uptake Kinetics
Seasonal changes in light, temperature and organic matter availability affect
nutrient spiraling in forested streams (Mulholland et al. 1985). Few studies have studied
the temporal variation in NO3- uptake in streams (Hoellein et al. 2007, Simon et al.
2005) where they both found peaks in NO3- uptake during spring and summer.
Conversely, temporal trends were inconsistent across our sites.
The lack of seasonal trend at WHB is due to a closed canopy during most of the
experiments (Martí and Sabater 1996). The persistent biostimulation trend at WHB
implies a high demand for NO3- potentially obscuring any temporal trends in this stream.
On the other hand, DCF shows inter-annual as well as temporal variation. Water
temperatures at DCF were also slightly warmer in 2013 versus 2014 (Table 1), thus
potentially promoting a lag in seasonal uptake (Figure 11). Despite the lag in uptake
from 2013 to 2014, we did capture periodicity in NO3- uptake at DCF. Similarly, other
studies have demonstrated seasonality in NO3- uptake where the greatest uptake
occurred in spring and summer (Hoellein et al. 2007, Simon et al. 2005, Royer et al.
2004). Primary production and decomposition of allochthonous organic matter have
been related to seasonal patterns in nutrient uptake in forested streams (Hoellein et al.
2007). RMB follows a similar temporal pattern to DCF where RMB also has a
predominantly closed canopy, but there are patches of open canopy where there is
visible algal growth in the benthos that contribute to primary productivity and influence
seasonal nutrient demands. Despite our experiments being performed between late
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spring and early fall we were able to capture seasonal trends in NO3- uptake at DCF. In
order to see a stronger seasonal pattern in uptake, we would need to conduct more
experiments year round and over multiple years. Seasonal patterns in nutrient uptake
reflect the seasonal demands and uptake efficiency of nutrients which may not be
captured or easily inferred from seasonal changes in nutrient concentrations
(Mulholland et al. 1985).
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CHAPTER 5
CONCLUSION
As observed in previous studies, NO3- uptake (both dynamic and ambient)
declines at higher NO3- concentrations under most circumstances. This demonstrates
that NO3- availability is an important factor in the regulation of N processing in streams.
Dissolved organic carbon appears to play an even more important role than NO3concentration in regulating NO3- uptake, given the strong relationship between NO3uptake and DOC we have observed in the Lamprey River Watershed. SUVA was
unrelated to ambient NO3- uptake, demonstrating that quality as measured by optical
parameters may not be as important as DOC quantity in N processing, or that optical
properties do not provide useful insight into biological availability of DOC in this system.
The physico-chemical parameters that control stream ecosystem metabolism (i.e. light,
DO, temperature) did not correlate with NO3- uptake, which could be a consequence of
the strongly heterotrophic nature of these heavily shaded streams. Although the TASCC
method does not allow us to discern between biological processes, the observed
removal of nutrients from the water column allows us to infer that denitrification or
heterotrophic assimilative processes are responsible for the decreases in NO3concentrations.
We have also demonstrated that uptake kinetics do not vary spatially but rather
by each site’s background NO3- and DOC concentrations. Low NO3- concentrations
paired with high DOC concentrations provide the best environment for rapid N removal,
until saturation conditions are reached. Higher NO3- sites paired with low DOC (WHB)
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on the other hand only saturate during late spring and present biostimulation thereafter.
Our biostimulation hypothesis fits the best at WHB given its chronic NO3- inputs from
septic systems but this trend requires further investigation to fully understand Nprocessing in this system. Sites that exhibited saturation kinetics (DCF) were also the
sites with the greatest efficiency of NO3- removal when compared across the watershed.
Ambient NO3- uptake showed temporal variation at DCF and RMB but not WHB.
Nitrate uptake at WHB appears to be ruled by the availability of NO3-. The temporal
trends in NO3- uptake at DCF seem to be driven by temperature as DCF demonstrated
inter-annual variation that correlated with colder water temperatures in 2014. Given the
strong relationship between NO3- uptake and DOC concentrations, these temporal
changes at DCF and RMB could also be due to depleting standing stocks of OM in the
streams resulting from changes in primary productivity and allochthonous inputs over
time.
The TASCC method provides a rich dataset as well as a quick and cost effective
method to characterize nutrient uptake but it also has presented several issues.
Ambient uptake metrics are extrapolated from the linear regression between uptake
length (Sw) and total NO3- concentration. This relationship is not always linear or strong,
which propagates this error into the ambient uptake metrics as well as total dynamic
metrics. Similar issues are associated with calculations of ambient uptake from a series
of plateau uptake experiments (e.g. Payn et al. 2005). We have found that the TASCC
experimental approach can be used to document a wide variety of uptake kinetics, not
all of which are adequately understood or documented in the literature.
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With the likelihood of ongoing urban development in many regions and the
potential for increased N loads into streams, understanding how these systems process
NO3- is of great importance. Uptake kinetics can provide a better comprehension of N
cycling and transport in streams, especially after sudden pulses of nutrients. As NO3concentrations increase and uptake decreases, the downstream transport of NO 3- to
receiving waters also increases. This is of great importance to systems that drain into Nimpaired bodies of water like Great Bay in NH, into which the Lamprey River
discharges. Our results provide a potential mitigation strategy to reduce the
concentrations and the transport of NO3- in streams. Maintaining DOC concentrations is
important, as we have shown that streams with higher DOC concentrations have the
greatest efficiency in NO3- removal. Intact riparian zones or adjacent wetlands can aid in
reducing N transport by maintaining carbon inputs into streams.
NO3- is an important indicator of ecosystem N-saturation (Lutz et al. 2011) and its
excess transport downstream has caused impairment of freshwater (Carpenter et al.
1998) such as eutrophication and hypoxia (Howarth and Marino 2006). Understanding
how streams transform and transport different forms of N, especially inorganic forms of
N like NO3-, is crucial to maintaining ecosystem health. Quantifying the response in
nutrient increases like NO3- can provide insight into N processing, uptake and transport
in streams.
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TABLES
-

Table 1. Background NO3 and DOC concentrations and physico-chemical parameters for Wednesday Hill Brook (WHB),

Dowst-Cate Forest (DCF), Rum Brook (RMB) and Saddleback Mountain (SBM) along with dates of each NO3- TASCC
experiment performed at each site. Blank spaces represent unavailable data.
Site

WHB

41
DCF

RMB

SBM

Date

NO3-

DOC

(μg N/L)

(mg/L)

4/25/13

357

3.85

6/21/13

343

8/7/13

Q (L/s)

DO

Temp

pH

Specific Cond.

PAR
2

SUVA

(μs/cm)

(µM/m /sec)

(L/mg/m)

7.78

307

35138

3.87

16.23

8.01

362

2663

3.70

9.90

15.40

7.95

348

9858

3.43

2.64

9.40

15.82

7.50

406

1352

2.70

1.77

2.62

9.56

14.79

7.57

356

5484

4.22

533

4.9

7.26

9.52

14.51

7.74

324

3.91

5/31/13

882
45

1.63
7.06

1.57
73.6

9.64
9.34

14.69
21.01

7.89
6.38

353
40

1590
972
17201

3.38
4.66

7/10/13

33

8.50

63.3

8.27

20.29

6.36

41

1538

4.13

8/15/13

78

9.02

19.2

8.86

17.60

6.66

42

9702

3.20

10/5/13

35

7.34

30.0

9.37

14.91

6.47

35

4017

3.83

7/9/14

42

8.64

70.8

7.80

22.71

6.42

55

4.64

8/22/14

41

7.27

40.0

9.08

16.5

6.94

40

17245
800

9/26/14

92

5.46

22.3

10.27

11.6

6.63

57

1571

5.55

7/2/14

80

6.26

8.23

7.21

24.33

7.14

219

-

4.33

8/20/14

44

9.92

13.01

8.55

18.9

7.13

173

-

4.86

9/19/14

71

6.26

2.923

-

-

-

-

-

7.7

7/11/14

2

1.2

1.76

8.44

16.02

7.51

27

1750

2.19

(mg/L)

(°C)

13.1

11.48

13.23

3.72

6.88

10.30

1036

2.29

2.36

9/11/13

776

3.55

6/30/14

1156

8/15/14
9/11/14

41

4.17

FIGURES

Figure 3. Map of the Lamprey River Watershed with the four study sites DCF (red circle), WHB (orange
square), SBM (blue triangle), RMB (green triangle), in respect to Great Bay and the state of New
Hampshire. The darker line outlines the Lamprey River main stem.
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Figure 4. Log transformed ambient NO3- uptake velocities versus log transformed background NO 3concentration (A), DOC concentration (B) and DOC: NO3- ratios (C) for all experiments performed across
all sites. July 2014 DCF and RMB, June 2013 WHB and August 2013 DCF were excluded because
uptake was undetectable.
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Figure 5. Log transformed ambient NO3- uptake velocities versus background physico-chemical
parameters obtained from in-situ sensors; pH (A), PAR (Light availability) (B), dissolved oxygen (DO) (C),
temperature (D) and SUVA index (E) from all the experiments performed across all the sites. PAR data
for all dates and sensor data from the September addition at RMB were not available. July 2014 DCF and
RMB, June 2013 WHB and August 2013 DCF were excluded because uptake was undetectable.
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Figure 6. Log transformed dynamic uptake velocities from NO 3- TASCC additions for all experiments
performed in 2013 and 2014 across the four study sites against each samples respective log transformed
total NO3 concentration (background plus added) (A), DOC concentrations (B) and DOC:NO3 ratio (C).
Each individual point represents a single grab sample along the break through curve . July 2014 DCF and
RMB, June 2013 WHB and August 2013 DCF were excluded because uptake was undetectable.
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Figure 7. Individual experimental dynamic uptake velocities from NO3 TASCC additions for all the
experiments at Wednesday Hill Brook for April 2013 (Log Y= 2.18-0.79x) (A), June 2013 (B), August 2013
(186.47+31.26x) (C), September 2013 (Y=1.12-0.22x ) (D), June 2014 (Y=-0.05+0.02x) (E), August 2014
(Log Y=-0.19+0.02x) (F) and September 2014 (Y=-1.00+1.70x) (G).
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Figure 8. Individual experimental dynamic uptake velocities from NO 3- TASCC additions for all the
experiments at Dowst Cate Forest for May 2013 (A), July 2013 (Y=5.17-4.39x) (B), August (C), October
2013 (Y=5.22-17.76x) (D), July 2014 (E), August 2014 (Log Y=2.72-0.23 Log x) (F), and September 2014
(Y=11.35+8.33x) (G).
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Figure 9. Individual experimental dynamic uptake velocities from NO 3- TASCC additions for all the
experiments at Rum Brook for July 2014 (Y=0.60-3.19x) (A), August 2014 (Log Y=1.58-0.25 Log x) (B)
and September 2014 (Y=-0.15+11.12x) (C).
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Figure 10. Individual experimental dynamic uptake velocities from a NO3- TASCC addition at Saddleback
in July 2014 (Log Y= -1.69-0.56 Log x) showing counterclockwise hysteresis.
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Figure 11. Ambient uptake velocities across experiments for WHB (A), DCF (B) and RMB (C) where
dashed lines represent the experiments in 2013 and the solid lines represents experiments from 2014.
The x-axis denotes the month the experiment was performed. July 2014 DCF and RMB, June 2013 WHB
and August 2013 DCF were excluded because uptake was undetectable.
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APPENDIX A
Coordinate location as well as land use characteristics for Wednesday Hill Brook
(WHB), Dowst-Cate Forest (DCF), Rum Brook (RMB) and Saddleback Mountain (SBM).
Site
WHB
DCF
RMB
SBM

Coordinates
43.122 N
71.0040W
43.134 N
71.183W
43.053 N
71.034W
43.184 N
71.215 W

Area
(km2)

Population
(km2)

% Land
Wetland*

% Land
Developed*

% Land
Agriculture*

% Land
Forested*

1.0

155.8

4.1

12.3

17.1

62.6

7.0

25.3

4.2

0.5

5.8

82.2

4.9

105.2

6.8

7.4

13.5

65

0.3

32.9

0

0

0

98.6

*data obtained from NOAA 2006 Land Cover
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APPENDIX B
Ambient uptake length (Sw), areal uptake (U) and uptake velocity (Vf) for all NO 3TASCC additions performed at Dowst-Cate Forest (DCF), Wednesday Hill Brook
(WHB), Rum Brook (RMB) and Saddleback Mountain (SBM). Empty boxes represent
experiments that yielded negative uptake values and ambient uptake was not possible
to calculate.

Site

DCF

WHB

RMB
SBM

Date
5/31/13
7/10/13
8/15/13
10/05/13
7/9/14
8/22/14
9/26/14
4/25/13
6/21/13
8/7/13
9/11/13
6/30/14
8/15/14
9/11/14
7/2/14
8/20/14
9/19/14
7/11/14

Ambient Sw
(m)
198
129
914
26.0
75.9
316
823
368
7539
698
200
43.6
152
154
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Ambient U
(μg m-2 s-1)
594
585
52.5
951
668
687
238
446
27.5
264
421
234
29.2
0.85

Ambient Vf
(mm min-1)
7189
9622
830
23793
7429
1908
167
572
23.6
499
478
5851
417
427

APPENDIX C
All experimental NO3- uptake kinetics for all dates at Wednesday Hill Brook (WHB)
where A is uptake length, B areal uptake and C uptake velocity for each panel.

4/25/13

54

6/21/13

6/30/14

55

8/7/13

8/15/14

56

9/11/13

9/11/14

57

APPENDIX D
All experimental NO3- uptake kinetics for all dates at Dowst-Cate Forest (DCF) where A
is uptake length, B areal uptake and C uptake velocity for each panel.
5/31/13

58

7/10/13

7/9/14

59

8/15/13

8/22/14

60

10/5/13

61

APPENDIX E
All experimental NO3- uptake kinetics for all dates at Rum Brook (RMB) where A is
uptake length, B areal uptake and C uptake velocity for each panel.

7/2/14

62

8/20/14

63

9/19/14

64

APPENDIX F
All experimental NO3- uptake kinetics at Saddleback Mountain (SBM) where A is uptake
length, B areal uptake and C uptake velocity for each panel.
7/11/14

65

APPENDIX G
Summary table of the kinetic model/trends along with background NO3-, NO3concentration at the peak of the experiment and the raw amount of NaNO 3 added for
each experiment conducted at each site.
Site

WHB

DCF

RMB

SBM

Date

Model

4/25/2013
6/21/2013
8/7/2013
9/11/2013
6/30/2014
8/15/2014
9/11/2014
5/31/2013
7/10/2013
8/15/2013
10/5/2013
7/9/2014
8/22/2014
9/26/2014
7/2/2014
8/20/2014
9/19/2014

Saturation
No uptake
Biostimulation
Saturation
Biostimulation
Biostimulation
Biostimulation
No Uptake
Saturation
No Uptake
Saturation
No Uptake
Saturation
Biostimulation
Saturation
Saturation
Biostimulation
Counter
Clockwise
Hysteresis

7/11/2014

0.36
0.51
1.04
0.76
1.16
0.53
1.03
0.04
0.03
0.08
0.04
0.04
0.04
0.09
0.08
0.04
0.07

Peak NO3during BTC
(mg/L)
5.17
8.39
4.35
2.45
13.42
15.53
1.08
0.28
0.47
0.51
0.25
0.19
0.08
0.13
0.19
0.35
0.09

0.002

0.47

Background
NO3- (mg/L)
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Added
NO3- (g)
182.68
180
46.58
38
218
450.5
46
65
98.76
54
40
30
113
36.5
5.5
65
20.5
11.5

APPENDIX H

Example of natural log N:Cl ratio of individual samples and injectate (addition solution)
across the BTC, pertinent to experiments that exhibit negative uptake values.
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